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SUMMARY

An alternative to the stepped-dome design for the lean premixed prevaporized (LPP)
combustor has been developed. The new design uses the same premixer types as the
stepped-dome design: integrated mixer flameholder (IMFH) tubes and a cyclone swirler
pilot. A rectangular sector combustor has been designed and the hardware procured. The
IMFH fuel system has been taken to a new level of development. Although the IMFH
fuel system design developed in this Task is not intended to be engine-like hardware, it
does have certain characteristics of engine hardware, including separate fuel circuits for
each of the fuel stages. The four main stage fuel circuits are integrated into a single
system which can be withdrawn from the combustor as a unit. Additionally, two new
types of liner cooling have been designed. Both of these designs utilize single-piece
compliant heat shields containing no joints that could leak cooling air, yet retain the
ability to accommodate thermal stresses without warping. These designs also appear to
offer benefits in ease of fabrication. This combination of advantages is especially
desirable for slave liners for LPP sector combustors.

Tests were carried out at the Southwest Research Institute (SWRI) on GEAE Dome
Configurations 4, 7, 11, and 14 of the cyclone swirler pilot over a wide range of pressures
and temperatures. The resulting lean blowout data was found to correlate well with the
Lefebvre parameter. As expected, CO and unburned hydrocarbons emissions were shown
to have an approximately linear relationship, even though some scatter was present in the
data, and the CO versus flame temperature data showed the typical cupped shape.
Finally, the NOx emissions data was shown to agree well with a previously developed
correlation based on emissions data from Configuration 3 tests performed at GE. The
design variations of the cyclone swirler pilot that were investigated in this study did not
significantly change the NOx emissions from the baseline design (GEAE Configuration
3) at supersonic cruise conditions.

NASA/CR—2005-213322 iii






TABLE OF CONTENTS

1.0 INTRODUCTION.......cccccervcuenee teeeseseiseseesseessenttieeeesessaserentntansassnnsirseestesessenanes 1
2.0 OBJECTIVES ....ooeeecrrerrcniscsssscsssnssssessssssansnnsosssnas cersrssetannnsessasnsssarssesaesasae 1
2.1 Subtask A: 2D Sector Combustor Design Modifications 1
2.2 Subtask B: Pilot Stage Premixer Performance Evaluation 2
2.3 Subtask C: Deliverables 2
3.0 TECHNICAL PROGRESS....... teesessseeserresesesssitasanttstsassennstnntetesasanesasasnsnnnrntane 2
3.1 Subtask A: MRA 2D Sector 2
3.1.1 Aero-Thermal DeSIZ ......cciverireriieeieeiren et an st b s s s nas et s cosesaoe 2

3.1.2 Mechanical DESIZI «..cccouemiiirc ettt b sttt ettt e e 5

3.1.3 PrOCUIITIEI c.cvc eeiereeereeraneeeernre e srraasteseereesosss st esnes s st s asanss b sart e ses s me s st ssb s satasaassssesssssanasassssssnnns 7

3,104 TSHNEG coveereierriereerereerc et ereteecsecrs e st sms s emem s et sae ke aeb s b e et s st en b n e et 8
3.1.5 CFD Results - MRA 2D SECTOT.....oeiieieeccrreeescermreceeesiieseesestmessessessssssanestecssssnsssanassnssssassasassansans 8

. 3.2 Subtask B: Pilot Dome Performance Evaluation 9
3.2.1 Flame Tube FabIiCAtON .....coviuveieeeieiecrcreeeceecete e st et sersnetesesssesesasssasasassesnssemesssssassans 9

3.2.2 Gas Sampling Probe FabriCation ...t s 9

3.2.3 Gas Sampling Probe Installation and Rig ShakedoWn .........ccormmrrrimmriene s 9

3.2.4 COMDBUSEOr TESHIME. ....cceurmemiraeccaireeeisereirentoterersts e te st s b e nsbe s as s s b et et r e s es et ten et 10
3.2.5 Data Transmittal and ANALYSIS ......cocceoeriermitiniiiicie ettt s s et ba e 10

3.2.6 SCREAULE ... ceete e rtee e e e s e seeea et e msnt e sb e saber e ens st s s aonesaebm s s e s e s Rt e s e s et b e b e n e en s e ae s 12

3.3 Subtask C: Deliverables , ' ' 12
4.0 SCHEDULE ........ccocttriteerimeeeriennecacnecsnesssssstiomssestenseesisissssasssssassssasssssssssassnnsans 12
5.0 CONCLUSIONS......cececrireeitirccenntenssseestierssssissssssssesssssssrasssssasasssssssnssssssans 12
5.1 Subtask A: MRA 2D Sector 12
5.2 Subtask B: Pilot Dome Performance Evaluation 12
6.0 REFERENCES..........cceeeriiriiiiriiiinnnnanene cenenene teeeerensessssesssssssssenansens ceseenesens 13

7.0 TABLES 1 AND 2

8.0 FIGURES 1-26

9.0 APPENDICES A-D

NASA/CR—2005-213322 v






1.6 INTRODUCTION

Efforts in pursuit of a lean premixed prevaporized (LPP) low emission combustor for the
high speed civil transport (HSCT) are focused on the demonstration of 2 NOx emissions
index of less than 5 g NOx/kg fuel. This goal has been demonstrated using practical
fuel-air premixer designs in sub-component evaluations. The goal has also been achieved
at the design flame temperature and close to supersonic cruise combustor inlet conditions
in sector combustor tests of an integrated combustor system. This first sector combustor
design is referred to as the stepped-dome combustor design. It is often referred to as the
5-cup sector combustor because it has five cyclone swirler pilots. This differentiates it
from the 3-cup sector of a very similar design which is being tested at NASA and the
sector combustor described in this report which has four cyclone swirler pilots.

Four areas of concern in the HSCT LPP combustor design are: [1] the ability to develop
a practical fuel system design for the integrated mixer flameholder (IMFH) stages (one
with the potential for relatively easy removal from the engine and that is capable of being
thermally protected); [2] the ability to attain an acceptable combustor exit temperature
profile over the full range of engine operating conditions; [3] the ability to develop .a
durable mechanical design for the heat shields of stepped-domes of the LPP combustor;
and [4] the ability to meet the NOx emissions index (EI) requirements. Regarding
number [4], the greatest concern is the NOx emissions of the cyclone pilot at high power
conditions (i.e., during operation at the higher inlet pressures and temperatures, including
those corresponding to supersonic cruise). NOx emissions from the IMFH tubes are less
of a concern because their premixed nature helps maintain lower NOx levels than the
cyclone. Issues one through three are addressed in Section 2.1 below by developing a
new combustor system design that appears to have advantages in each of those areas of
concern. Issue four is addressed in Section 2.2 by thoroughly testing four design
modifications of the cyclone swirler. ' ' o

2.0 OBJECTIVES

The objective of this task is to provide hardware for an evaluation of the MRA combustor
system design and to test design modifications of the cyclone swirler pilot. Task 43 has
been divided into three subtasks.

The objective of Subtask A is to design a rectangular sector combustor using previously
proven sub-components (IMFH mixers in the main dome and cyclone mixers in the pilot)
for future testing. The fuel injectors will be fabricated. Section 3.1 addresses these
points. The sector hardware will be the first to utilize the MRA (Multi-stage Radial
Axial) system design concept. The MRA concept has features that address the first three
LPP design concerns listed in the Introduction.
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2.2 Subtask B:" Pilot Stage Premixer Performance Evaluation

The objective of Subtask B is to test design modifications of the cyclone swirler pilot.
The design modifications are intended to improve the premixing with the goal of

. teducing NOx emissions at supersonic cruise inlet conditions without compromising the
low power operability performance essential for a pilot stage premixer. This objective is
addressed in Section 3.2.

2.3 Subtask C: Deliverables
Submission of progress reports, semi-annual oral briefings, and a final report will
complete the Task 43 requirements.

3.0 TECHNICAL PROGRESS

The multi-stage radial axial (MRA) combustor sector is the next phase in the evolution of
the LPP low NOx combustor. As originally proposed in early 1994, the MRA concept
arranged the IMFH tubes on what would normally be the outer liner and placed the pilot
in the front of the combustor, inline with the diffuser. The basic concept was to eliminate
the steps in the main domes by forcing flow from the pilot along the main dome (the outer
liner) from the lower to the higher fuel stages. This, it was theorized, would prevent air
from unfired stages from flowing into the recirculation zones which stabilized the flames
from the fired IMFH tubes. The flowfield was also designed to force the mixing between
the lower fired stages and the higher unfired stages. This mixing, it was theorized, would
improve the combustor exit temperature profile during partial fuel staging. Further
advantages of the MRA design were improved cyclone pilot centerbody positioning and
improved placement of the combustor ignitor.

CFD analysis of the original MRA design concept indicated that the exit profile
advantages could be realized, although not as easily as was hoped. That CFD modeling
was performed in LET Task 10 and those reports should be consulted for more detailed
information. The original CFD model with a regular array of tubes on the outer liner did
not yield good penetration of the jets from the IMFH tubes into the main combustor flow
and offered no advantage in exit profile over the stepped-dome arrangement. Several
strategies for improving the mixing were then tried before a good part-staging profile was
demonstrated with the CFD model. First, the tube diameters were increased, with very
little improvement in the penetration. The IMFH tubes were then aligned such that the
jets were in the wake of the jets from preceding tubes. This was somewhat successful.
However, it had the major disadvantage of requiring a lot of trial and error to optimize the
tube location, since the flowfield of the combustor along the outer liner is not obvious.
The final strategy proved to be the most successful, embodying two new strategies for
improving jet penetration. The new strategies were to arrange the IMFH tubes so the jets
were aligned with the swirl vortices from the pilot and to alternate the pilot swirl
directions. Together, these resulted in excellent penetration of the IMFH tube jets. The
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mixing was excellent. At partial staging corresponding to subsonic cruise, the combustor
exit profile was very good. One last refinement resulted in an even better profile: a few
of the fifth stage IMFH tubes were moved from the position where they reinforced the
vortex to a position where they broke up the vortex and were aimed at the hot spot in the

exit profile.

Meanwhile, another study being conducted on the design of the fuel system for the
original MRA concluded that the location of the IMFH tubes on the outer liner was not
conducive to a simple fuel system design. That conclusion was unexpected, since piacing
the inlets of the IMFH tubes near the outer liner was expected to be an advantage from
the point of view of the IMFH fuel system. However, a workable fuel system design
required inventions which were not forthcoming. At that point it was proposed to “flip”
the MRA over and place the IMFH tubes in the front dome and the pilot on the outer
liner. This design appeared to have definite advantages in the fuel system designs for
both the IMFH stages and the cyclone swirler pilot stage. It also offered further
advantages over the original MRA design in cyclone pilot centerbody positioning and
placement of the combustor ignitor.

The new arrangement places the cyclone swirler where it will not have as high of an
available pressure drop and the IMFH tubes where they will have the highest available
pressure drop, since the best pressure recoveries from the diffuser occur in the center of
the dome. Transposing the locations of the IMFH tubes and cyclone pilot are not
expected to have a significant impact on emissions since both have shown an overall
insensitivity to pressure drop. This is supported by Figures 1 and 2a, which show the
NOx emissions, corrected for residence time in the combustor, at various component
pressure drops. However, the 451 F case in Figure 2b indicates that the pressure drop
may have some effect on cyclone emissions. Fortunately, the trend is such that a lower
pressure drop tends to reduce NOx emissions. This would further support the move of
the cyclone toward the outer liner, since the pressure drop would be lower in this region.
The IMFH tube data in Figure 1 was acquired from the high pressure tests performed
under Contract NAS3-25552; the data in Figure 2 (2 and b) was obtained from the GEAE
Configuration 11 cyclone tested at SWRI under this contract. Note that pressure drop
does affect NOx emissions if the residence time is not taken into account, as is evident in
Figure 3 (this is the same data as shown in Figure 1, but was not corrected for residence
time). However, it has been assumed that the residence times for both configurations
(ie., the IMFH tubes inline versus along the wall) are approximately the same, such that
total emissions will show little change.

The fuel system advantages of the new arrangement were significant. With reasonable
care in arranging the IMFH tubes, for the first time it appeared that it might be possible to
have relatively few main stage fuel injector assemblies and that they might be designed so
that they could be removabie through the combustor casing. Furthermore, the thermal
protection of the IMFH fuel system for the first time appeared to be feasible using
conventional methods. Two independent heat transfer studies were performed, one under
LET Task 42 and the other CPC. They were done for slightly different geometries and
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assumptions but generally yielded the same results. With the use of a single heat shield
with an air gap, calculated bulk fuel temperature rises and wetted wall temperatures were
well within requirements. These calculations were performed over the entire flight
envelope, for both the mission points and off-design points. One calculation assumed
that the pilot fuel flowed to the inner radius of the IMFH fuel strut before flowing
outwards to the pilot. The fuel lines for the other stages took a more direct path (to
minimize fuel strut cross-section and heat transfer area from the compressor air).
However, the assumption was made that there was no significant resistance from the pilot
fuel to the other stage fuel lines. Thus, when any of the other stages were flowing, that
fuel would carry away its share of the heat. The other heat transfer model assumed that
all of the fuel, including the pilot fuel, flowed to the inner radius of the IMFH fuel
manifold before flowing out to their respective stages. For both of these designs, even
when all of the main fuel stages (i.e., IMFH stages) were turned off, the entire IMFH fuel
assembly would remain cooled by the flowing fuel. This requires a fuel line connecting
the IMFH fuel assemblies to the pilot fuel injectors. This connection would probably be
made outside the combustor casing. Not unexpectedly, the cycle conditions at which the
higher compressor exit temperatures occur (which result in the greatest heat transfer),
benefited from the higher fuel flows, which simultaneously offset the increased rate of
heat transfer. The highest bulk fuel temperature rises and wetted-wall temperatures occur
at initial descent from the supersonic leg of the mission.

The major change in the MRA combustor design (of “flipping” it over) occurred in
August and September of 1994. In September, the aero design was frozen to meet the
proposed schedule of this Task and the mechanical design was started in earnest.
Because time was lost in making the changes, no time was spent in analyzing the layout
of the IMFH tubes after they were moved to the forward dome. Essentially, the identical
layout that had resulted in the best profile when the tubes were on the outer liner was
applied to the forward dome. In any case, there was no one available to run the CFD
modeling of the new layout at'that time. CFD results for this new layout were obtained at
a later date under the CPC contract and are discussed in Section 3.1.5.

One decision, about which there was much discussion, was the angle of the front
bulkhead or dome. A 45-degree dome was chosen at first and used for the sector
combustor (angles are expressed relative to the axis of the engine). The advantage of the
45-degree dome was that air from later stages was forced to mix into the bulk flow from
the pilot and earlier stages. Also, the dome would be stiffer if it were a conical section
rather than a flat plate. A 90-degree dome was also considered at that time. lis
advantages were simplicity and the potential for a shorter combustor. It is interesting to
note that subsequent to that decision, the favored dome design has evolved from 45 t0 75
to 90 degrees. This trend has been driven by the desire to simplify the combustor design
and shorten it as much as possible.

The main dome of the MRA 2D sector has four banks of 14 IMFH tubes each. Eleven of
the tubes in each bank are angled 15 degrees in the circumferential direction relative to
the dome plane; the other three tubes are angled (negative) three degrees in the
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circumferential direction relative to the dome plane, or opposite to the other 11 tubes in
that bank. The tube banks are alternately angled at 15 degrees (and the negative 3
degrees) corresponding to the alternating swirl directions of the cyclone swirler pilots.
These angles, combined with the 45 degree dome angle, resulted in a complicated design.
Figures 4-6 show different cutaway views of the IMFH main dome, while Figure 7 shows
the basic combustor dimensions. The pilot dome consists of four individual cups, each
consisting of a cyclone mixer and an airblast injector (see Figure 8). The cyclone mixers
that make up the pilot dome are oriented in a swirl directions that are alternating (i.e., the
air/fuel mixture discharged from one cup rotates in a direction opposite that of an
adjacent cup). The pilot cups were reduced from five in the previous sector combustor
design to four because the alternating swirl directions resulted in a pairing of the swirlers
and because four pilots reduced the pilot effective area, expressed as a fraction of the total
combustor flow area, to 21%, which was closer to pilot air splits for the current designs
for the full size HSCT engine combustor. The aero design of the cyclone swirler pilots of
the MRA sector is identical to the design in the 5-cup stepped-dome sector combustor.
That design has been designated Configuration 3 at GEAE.

The mechanical design of this combustor is based on an effort to maintain the aero-
thermal design details. The aero-thermal design chosen for the tube patiern layout is
complex. (The evolution of the MRA concept since the aero design for the sector
combustor was frozen for the sector combustor has been towards a much simpler design.)
While the pilot mixers are of the same basic design as the stepped-dome combustor
sector, the compound angles and staggered design of the four consecutive stages of the
main dome are difficult to lay out and describe for fabrication.

Several problems were experienced with the 5-cup stepped-dome sector combustor. Most
of the problems were associated with warpage because the hottest paris (the liners,
domes, and sidewalls) were generally flat or a simple curve. Generally, compound
curved parts would be much more resistant to warpage. However, to minimize the cost of
the MRA sector the intent was to fabricate the domes, liners, and sidewalls entirely from
flat plates. To minimize warpage, it was necessary to make these structural parts distinct
from the heat shields adjacent to the hot combustion gases. Two general approaches that
could be used to accommodate the thermal expansion of the hot surfaces are segmented
designs and compliant designs. Although segmented designs have advantages in
durability, the challenge is to minimize the effects of air leakage between the segments.
For engine hardware, there is incentive to solve the leakage problems. In a rig test in
which the objective is to study the performance and emissions without any confounding
effects of leakage, a compliant design with no leakage appeared to be the better choice.

Two compliant designs for the heat shields were proposed. One is more suited for liners
that do not have penetrations and the other is more suitable for the main dome, which has
numerous penetrations from the IMFH tubes and the sidewalls which have to
accommodate the ignitor. The approach used in this MRA sector converts the
impingement baffle from a passive plate into the structural part of the dome which is
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covered with a compliant heat shield. Having the impingement baffle as the structural
member eliminates the great thermal difference between the hot dome and the relatively
cold IMFH tubes as well as other cold parts such as the flanges to which the combustor
dome is attached.

The selected configuration for the main dome heat shield uses a thin sheet of a high-
temperature alloy (0.004 inch thick Haynes 230) riveted to the structural impingement
baffle (see Figure 9). The attaching rivets are located in dimples, pressed into the shield
material in a regular pattern. This allows the rivet heads to be located away from the hot
areas of the heat shield and forms standoffs which become the impingement cavity
between the plate and the shield. The spent impingement air is dumped into the IMFH
tube exit through radial slots cut through the end of the IMFH tubes. The slots are
strategically aligned with the impingement cavities formed around the ends of the tubes.
The impingement cooling design was simply scaled from the previously successful 5-cup
stepped-dome sector. A 3D ANSYS analysis of the dimpled material and rivet connection
was used to investigate weak areas of the design. The results suggest that the material at
the rivet connection is the most stressed area and that the material thickness is an
important factor in the compliant nature of the heat shield.

The MRA 2D sector’s inner and outer liner design uses a second cooling scheme
involving another design for compliant heat shield. This design attempts to solve
problems observed in the impingement/convective design used in the 5-cup stepped-dome
2D sector. These problems are: [1] nonuniform cooling, [2] relative movement between
the impingement baffle and heat shield, and [3] excessive warping due to hot regions
which are constrained by cold flanges. The inner and outer cooled liners of the MRA
sector are constructed of a compliant corrugated panel (also made from 0.004 inch thick
Haynes 230) brazed to the liner support plate (see Figure 10). Cooling air flows through
the cavity created between the corrugated panel and the thicker mounting plate. The
cooling flow is detérmined by the flow resistance of the cooling channels and is intended
to give the same cooling effect as the impingement system used in the 5-cup stepped
sector. The corrugated material is similar to existing material used in heat exchangers;
however, unlike the available uniformly spaced corrugation, the pattern spacing of this
material has been modified to maximize the cavity (cooled) area and minimize the
surrounding ridged (uncooled) area. This system provides more uniform cooling and
provides a compliant barrier between the very hot gas side and the cool backside. This
system could not be employed on the side walls, since the corrugated material cannot
have any intrusions through the wall without disrupting the cooling flow in a channel.
Thus, the dimpled material used on the main domes is used for the side walls. The spent
cooling flow exits around the edges through fabricated channels and is discharged
downstream of the combustor exit.

The MRA sector fuel injector design is more rugged, more heat resistant, and simpler to
install than other designs. The fueling device methodology used in the S5-cup
stepped-dome rig does not work in the MRA configuration. The same design features of
the MRA sector combustor which make it difficult to apply the manifold design of the 3-
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cup sector (i.e., the inline layout of the IMFH tubes), favor a design which should be a
step closer to an engine design. The MRA injectors continue to use the same basic fuel
injector geometry (see Figure 11). The MRA injector is designed to be easily inserted
into, and withdrawn from, the injector cavity (Figure 6 shows the injector mounted in the

" IMFH main dome). The injector is mounted to a passive part of the dome structure and
protrudes into the injection region. Specifically, the injector stem protrudes vertically
downward through the tube bank and fills in the part of the tube cut out i0 make room for
the stem. Mounting the stem in this fashion keeps the fuel lines out of the path of the hot,
high velocity gases. The design is made more rugged by hiding the injector tip in the
center of the scallop where it is less likely to be damaged by mishandling. Unlike a
single-staged staggered-dome fuel injector, the MRA injector contains multiple stages.
During partial staging, the injector is partially cooled by fuel flowing through active
stages of the injector. Additionally, the fuel feed lines are either made of double-walled
tubing or have a heat shield around them (to within approximately 1.5 inches of the fuel
discharge location).

To expedite the first test of the MRA 2D sector, it was to be done with uncooled liners,
different from the compliant designs described above. These uncooled liners are
expected to have a short life and exhibit the warping problems of the 5-cup sector liners.
Previous tests with uncooled sector sidewalls constructed of a thick superalloy material
have been successful in component tests. Problems like melting and warping that often
occur with combustor liners are caused by uneven heating or hot spots on the liners. The
controlled flame temperature, low fuel to air ratio, and highly mixed nature of the MRA
concept should be beneficial in reducing these problems. A one-dimensional cooling
analysis was conducted for the uncooled liners, with the results indicating that the liners
may reach 2200 degrees Fahrenheit at the highest fuel to air ratio test points. Thus, a 0.25
inch thick layer of ceramic insulating material {Cotronics Corporation Number 360
standard ceramic board) was glued to the hot wall of the liners for added protection. The
ceramic insulation is applied in 1.5 inch squares to alleviate differential thermal growth
probiems between the ceramic insulation and the colder metal liners. This also made
installation (fitting and trimuming) easier. The ceramic has a melting temperature of
3900° F and a continuous use rating of 2300° F. The insulation has been secured with
ceramic adhesive (Cotronics Corporation Rescor 989 general purpose high temperature
ceramic adhesive) capable of withstanding 3000° F. If the ceramic is effective and
remains attached to the liners, it may be considered for use in future component and
sub-component combustor testing.

3.1.3 Procurement

The fuel injector drawings needed to be completed first because of previous experience
with long lead times on fuel devices. The drawings were submitted for quotes in late-
November, 1994 and a purchase order was issued in mid-January, 1995. The delivery of
the fuel parts was quoted as 20 weeks, but they were not received until late-October,
1995.
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A meeting was held October 30, 1995 with representatives from Parker Hannifin. The
intent of the meeting was to analyze the procurement procedure to better understand the
causes of the delay and to improve the process so that future procurements of HSCT
developmental fuel injectors with them can keep to the quoted schedule. A significant
source of delay resulted from Parker’s need to make new drawings from those sent by
GE, even though GE’s were of manufacturing quality. Although the vendor’s reasons for
making new drawings were valid, this seemed to be a place where much time could be
saved. Thus, to expedite delivery they intend to update their system to allow GE
drawings to be directly imported electronically. Although some modifications may still
have to be made to the drawings by the vendor, it will still help reduce the lag time
between ordering and receiving new parts in the future. This would be a significant
improvement in the procurement process presently in place.

Fabrication of the fuel injectors was funded by Task 43, but fabrication of the other parts
was not charged to Task 43. Discussion of the status of all the hardware in the following
paragraphs is included to clarify the overall project leading up to the first sector test.

A purchase order was issued in early February, 1995 for the combustor assembly, with a
delivery time quoted as 20 weeks, although it was not delivered until October, 1995.
Because of the long lead time required to get the combustor parts, the vendor was asked
to complete the pilot dome and the main IMFH dome at an earlier date. These parts were
assembled with the set of uncooled thick-plate liners obtained from another vendor. They
were originally to be used for atmospheric verification testing of the MRA combustor, but
were instead used for the pressurized tests (the atmospheric tests were eliminated). The
uncooled liners were designed, procured, and were already available. The uncooled liners
were necessary because of the tight schedule and planning of this task.

Other parts to be procured were the fuel supply tubing, fastening hardware, insulation box
for the manifold system, and the manifold supports. All parts have been received except
for the cooled liners. For reference, the hardware data associated with the MRA highly
mixed 2D sector is shown in Table 1.

3.1.4 Testing

A subcontractor (En-Sol, Inc.) was brought on board to help in the test setup, planning,
monitoring, and data reduction. Instrumentation and assembly of the MRA sector with
the uncooled liners was completed in October, 1995. Because of schedule slippage, the
atmospheric testing had to be eliminated. The atmospheric tests would have provided an
opportunity to investigate flame stability as well as visual appearance, however, the
pressure test would provide more meaningful and a broader range of data than an
atmospheric test.

3.1.5 CFD Results - MRA 2D Sector

Some of the CFD results of the modified configuration (i.e., with the IMFH tubes in the
forward dome and the pilot near the outer wall) are presented in Figures 12 through 19.
The data presented was obtained using CONCERT-3D with the combustor operating at
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mid-supersonic ¢onditions (P3=9.47 atm, T3=1650 R). The top and side views of the grid
used for the calculations are presented in Figures 12 and 13, respectively, followed by the
temperature contour at the main dome plane (Plane 2, Figure 14), and temperature and
pattern factor contours at the combustor exit plane (Plane 86, Figures 15 and 16,
respectively). Figures 17 and 18 present side views of velocity and temperature contours
through the centerlines of a column of IMFH tubes (Plane 5). Similarly, a temperature
contour through the center of the combustor (Plane 22, between columns of IMFH tubes)
is presented in Figure 19.

3.2 Subtask B: Pilot Dome Performance Evaluation

The cyclone swirler pilot testing was subcontracted to the Southwest Research Institute in
San Antonio, Texas. Dr. Clifford A. Moses was principle investigator. NOx, CG, and
UHC emissions were measured and the lean stability limits were determined. These
measurements were performed over a standard test point schedule with 36 points. Four
configurations were tested, corresponding to GEAE Configurations 4, 7, 11, and 14.
Figures 20 and 21 present the two basic variations of the configurations tested; both
incorporate an impingement-cooled swirl cup with a removable fuel injector for quick
change-out. Figure 20 corresponds to GE Configurations 4 and 7 (Configuration 7 simply
has a taller swirler slot height than 4) and Figure 21 to Configurations 11 and 14. Table 2
presents more guantitative details of the physical differences between the four
configurations.

The SwRI subcontracted efforts were divided into the six subtasks discussed below.

3.2.1 Flame Tube Fabrication

The SwRI rig was designed to be compatible with the existing GEAE hardware based on
drawings supplied to SwRI by GEAE. Fabrication of the flame tube was completed in the
first week in December, 1994.

: Probe Fabrication

Water-cooled sampling probes were designed using drawings of similar probes in use by
GEAE. Four water-cooled gas sampling probes were fabricated from 0.5-inch diameter
tubing. Following the destruction of two of the probes during the first dome config-
uration test, the probe cooling water was taken from a special water supply that had the
calcium removed. The probes were also modified by adding a magnesium-zirconate
thermal barrier coating {TBC) on the outside of the probes. This coating successfully
protected the probes for the remainder of the tests.

3.2.3 Gas Sampling

This task was completed in mid-January, 1995, after making the modifications described
in Section 3.2.2.

Probe Instaliation and Rig Shakedown
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3.2.4 Combustor Testing

Testing of all four pilot dome configurations (GEAE Configurations 4, 7, 11, and 14) was
completed in July, 1995. Emissions measurements were made for all four configurations
over a range of test conditions and lean blowout limits were established.

3.2.5 Data Transmittal and Analvsis

The data acquired for all four dome configurations is presented in Appendices A-D.
Analysis of the data led to the results discussed below.

As shown in Figure 22, the lean blowout limits were found to correlate well with the
Lefebvre parameter:’

drao = Ci X [Vrer / (Pa"% x Ty x exp(T3/270)1°° +C,

where C; and C, are empirical constants whose values depend on the geometry of the
combustion zone. However, the lean blowout data for [VREF/(P4O'25XT3X exp(’i"3/270))}0"6
greater than approximately 0.3 is not well-correlated. It is hypothesized that the
discrepancy is a result of incomplete mixing of the fuel and air at these test conditions.
This transition to a non-premixed mode of combustion is what leads to the observed
increase in flame stability relative to the premixed case (ie., a leaner lean blowout
equivalence ratio was measured than was predicted by extrapolation of the correlation to
larger values of the Lefebvre parameter). The remainder of the data (ie,
[VREF/(P4O‘25XT3X ex;p('i'g./z70))]0‘16 less than approximately 0.3) matched the correlation
guite weli. The curve-fit to the data indicates that C, is approximately 2.83, with an
offset (C;) of 0.285 for the four configurations tested.

Figure 23 shows the NOx emissions data for all four configurations plotted against a
correlation developed from prior cyclone testing (i.e., GEAE Configuration 3). The
correlation is of the form:

NOX o0 3 Corretation (EN=0824159+4.166818E] SP.
where,
1T (K}
El = t{msec) X exp{i«~7228 + 2.8\/ T, (K) - M}
0.4
1 T(R)—-460}-10276 6.
SP;V =(B~,(p520)) X@Xp ( 3( ) ) +629
4327 3499 532
and,

T = residence time (msec) = (94 Volcomb)/W3s
Ty = primary zone temperature (K}.

Also note that SPuox is the NOx severity parameter, and T,,=T4 for these experiments
(since there are no IMFH tubes).
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The data for the four configurations tested matched the correlation well, following the
form: :
jo.&w

NOX{(EIY = 0.7136] NOX s cometaion ET)

Note that this curve-fit corresponds to the data for all four configurations.

The above relationship between the new NOx data obtained at SWRI and the NOx data
obtained at GEAE for Configuration 3 suggests that a significant reduction in NOx
emissions were made in the new designs. However, examination of the NOx data at
supersonic cruise combustor inlet conditions indicates that at those conditions no
improvement has been made. The interpolated NOx values are shown in Table 2. These
results are the most significant metric for the LPP combustor's performance.

In these tests, some thermal distress of the cyclone swirler hardware was observed. Most
of the distress was explainable from unusual hardware failures that occurred in the test
that have nothing to do with the aero design. In one case, the impingement baffle
separated from the dome and came to rest on the radial swirler. This blocked the flow
and caused flashback. In another case, the torque on the radial swirler caused it to spin
and break from the resulting stress. In subsequent tests the swirler was spot welded in
place, in addition to being clamped. The spinning type of failure had been anticipated.
For years, torque calculations were performed for the radial swirlers, but this is the first
known occurrence of this type of failure in the cyclone swirler.

Some other distress is unexplainable except for a lack of margin for flashback. There had
been previous evidence of flashback in the earliest HSCT design of the cyclone swirler in
which the fuel injector design was crude and may have dribbled fuel out the airblast
nozzle. It is important to note that Configuration 3 has operated without any distress in
the six HSCT sector combustor tests performed at GEAE. . However, the SWRI test point
schedule included inlet conditions outside the flight envelope, specxﬁcaily cruise T3 (1200
F) at take-off P3 (250 psia). Although outside the engine flight envelope, the points were
chosen because they were the most likely conditions at which flashback could occur and
would be useful in determining flashback margin. The distress that was observed
suggests the flashback occurs in the wakes of the radial jets from the fuel injectors. This
is consistent with available CFD results, and is an important clue to defining changes to
the design of the cyclone swirler pilot in the future that will improve its performance,
both in terms of NOx emissions and margin on flashback.

In addition to the NOx data, CO and hydrocarbon emissions were measured. Figure 24
relates the CO to the unburned hydrocarbons emissions. As expected, the relationship is
approximately linear, although some scatter in the data is clearly present. Finally, Figure
25 presents the CO data as a function of flame temperature (based on sampled emissions
data) for the four dome configurations operating at P;=60 psia and T;=1050 F. The
curves show the anticipated “cup” shape for all four configurations.
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3.2.6 Schedule-

All testing and data transmittal at SwRI called for in the Statement of Work was
completed by the end of July, 1995. The final report was received by GE in August,
~1995. Further data reduction was completed in December by GE personnel.

3.3 Subtask C: Deliverables
This final report completes the requirements of Subtask C.

4.0 SCHEDULE

The completed schedule for Task 43 is presented in Figure 26.

5.0 CONCLUSIONS

£.1 Subtask A: MBA 2D Sector

An alternative to the stepped-dome design for the LPP combustor has been developed.
The new design uses the same premixer types as the stepped-dome design: IMFH tubes
and a cyclone swirler pilot. A rectangular sector combustor has been designed and the
hardware procured. The IMFH fuel system has been taken to a new level of development.
Although the IMFH fuel system design developed in this Task is not intended to be
engine-like hardware, it does have certain characteristics of engine hardware. This
includes separate fuel circuits for each of the fuel stages. The four main stage fuel
circuits are integrated into a single system which can be withdrawn from the combustor as
a unit. Additionally, two new types of liner cooling have been designed. Both of these
designs utilize single-piece compliant heat shields containing no joints that could leak
cooling air, yet retain the ability to accommodate thermal stresses without warping.
These designs also appear to offer benefits in ease of fabrication. This combination of
advantages is especially desirable for slave liners for LPP sector ‘combustors.

572 Subtask B: Pilet Dome Performance Evaluation

Tests were carried out at SWRI on GEAE Dome Configurations 4, 7, 11, and 14 of the
cyclone swirler pilot over a wide range of pressures and temperatures The resulting lean
blowout data was found to correlate well with the Lefebvre parameter.’ As expected, CO
and unburned hydrocarbons ermissions were shown to have an approximately linear
relationship, even though some scatter was present in the data, and the CO versus flame
temperature data showed the typical cupped shape. Finally, the NOx emissions data was
shown to agree well with a previously developed correlation based on emissions data
from Configuration 3 tests performed at GE. The design variations of the cyclone swirler
pilot that were investigated in this study did not significantly change the NOx £Inissions
from the baseline design (Configuration 3} at supersonic cruise conditions.
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Table I. MRA 2D Highly Mixed Hardware

PART BESCRIPTION BUILD QTY
NUMBER NUMBER

DT1001-254 Injector Style 1 MRAT1&Z 2
DT1001-255 IMFH Main Dome MRA1&?2 2
DTi001-256 Injector Style 2 MRA1&2 1
DT1001-257 Pilot Dome MRAI &2 1
DT1001-259 QOuter Cooled Liner MRA 2 1
DTi1001-260 Inner Cooled Liner MRA 2 1
DT1001-261 Left Cooled Sidewall MRA 2 1
DT1001-264 Right Cooled Sidewall MRA 2 1
DT1001-270 QOuter Uncooled Liner MRA 1 1
DT1001-271 Left Sidewall MRA 1 1
DT1001-272 Inner Liner MRA 1 1
DT1001-273 Left Uncooled Sidewall MRA 1 1
DT1001-276 Fuel Manifold and Tubing MRA1 &2 1 set

NASA/CR—2005-213322
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Figure 2. Dependence of NOx Emissions on Pressure Drop for the Configuration 11 Cyclone Swirler
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Figure 4. MRA 2D Sector Instalied on Mounting Plate
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Figure 5. MRA 2D Sector Exploded View
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Figure 11. MRA Main Injector Assembly
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